The hand-arm vibration syndrome characterized by Raynaud's disease is caused by long-term use of hand-held vibrating tools. The purpose of the present research is to develop a new vibrating tool using self-synchronization phenomena in order to reduce hand-arm vibration. In the present paper, an elementary model with a generation mechanism of synchronous vibration suitable for a tamping rammer used to compact cohesive soils on the ground is developed. This model consists of upper and lower blocks coupled by coil-springs, and two rotor-type oscillators are mounted individually on the lower blocks. The nonlinearity due to the impact behavior between the lower block and the ground is approximated by piecewise linear characteristics. The synchronized solutions and the stability are analyzed by applying the improved shooting method for impact vibration analysis. Analytical and experimental results confirm that stable synchronized solutions which are able to achieve a good balance between vibration control and excitation exist. In addition, it is proven that the existence region of the stable solutions can be expanded by setting the system parameters appropriately.
Introduction
The symptoms of Raynaud's disease, a hand-arm vibration syndrome (1) , are caused by long-term use of hand-held vibrating tools, such as rock drills, impact drills, and tamping rammers, and by excessive exposure to hand-arm vibrations. In a number of industrial fields, preventive measures, including wearing vibration-isolation gloves and improving the handgrips of tools, are necessary in order to reduce the propagation of vibration through the human body. However, with some tools, it is difficult to incorporate sufficient preventive measures, and the number of affected individuals who work in the Japanese construction industry is increasing yearly (2) . The purpose of the present research is to develop a hand-held vibrating tool using self-synchronization phenomena (3) in order to address the problem of the hand-arm vibration syndrome. Self-synchronization phenomena, in which multiple nonlinear self-excited oscillators are synchronized with a specific frequency, occurs as a result of the interaction between the oscillators. We have investigated the self-synchronization phenomena generated in various mechanical systems with coupled oscillators in order to clarify the mechanism behind self-synchronization phenomena and their application (4) - (7) . The results confirmed that the existence region of the stable synchronized solutions is strongly influenced by the linear natural frequencies of the spring-mass system that contain the oscillators (6) . The use of the characteristics of the self-synchronization phenomena will enable the mechanical system to autonomously generate the purposive vibration pattern without control and, therefore, may enable the development of hand-held vibrating tools. Consequently, we focus on the development of a vibration mechanism for a tamping rammer used to compact cohesive soils and asphalt. When using this tool, the worker holds the handgrips on the upper block with a vibration generator (oscillator), and the impact plate, which is elastically coupled to the upper block, is excited by the oscillator to compact the ground. Thus, in developing the mechanism of this tool, it is necessary to achieve a good balance between vibration control of the handgrips and the excitation of the impact plate. In the present study, an elementary model with a generation mechanism of synchronous vibration suitable for a tamping rammer is treated analytically and experimentally. The availability of the synchronous vibration generated in the elementary model and the influence of the system parameters on the regions in which the synchronized vibrations occur are investigated.
Elementary model

Experimental apparatus
In the present paper, an elementary model with a mechanism of generating synchronous vibration suitable for a tamping rammer is developed based on the mechanism of the actual tool and the characteristics of the self-synchronization phenomena. Figure 1 (a) shows the experimental apparatus, which is hereinafter referred to as the impact model with two oscillators. This model consists of an upper block and two lower blocks coupled by coil-springs, and a rotor-type oscillator is mounted on each of the lower blocks. The rotor-type oscillator is constructed from a double-shaft DC motor and a pair of unbalanced masses. For simplicity, each block is mounted on a low-friction guide rail on the fixed walls and can move only in the vertical direction.
In a common type of tamping rammer, the upper block has a vibration generator and handgrips, and the vibration generator excites the vibration of the lower impact plate to compact ground materials. Based on this mechanism, in the present elementary model, the upper block is assumed to comprise a hand-held unit and the lower blocks are assumed to comprise an impact unit. In the experimental apparatus, the two lower blocks are placed on the same rubber plate as a substitute for the ground, and collision and separation occur between the lower block and the rubber plate when the lower block vibrates in the vertical direction. In addition, in order to simplify the effect of grip force, the upper block and the fixed wall are coupled by coil springs rather than holding the upper block. These coil springs are attached such that they assume their natural lengths when the upper block is located in the static equilibrium position. In other words, the experimental apparatus at rest is grounded under its own weight. Note, however, that the system parameter values described below are not reflected in the actual environment when using tools because the experimental apparatus is smaller than the actual tools, and it is difficult to quantitatively consider the effect of the grip force. Figure 1 (b) shows the analytical model. In this model, the upper block is denoted as Block 1, and the left and right lower blocks are denoted as Blocks 2 and 3, respectively. The unbalanced masses on the left and right oscillators are denoted as Weights 1 and 2, respectively. We assumed that Block 1 is the object of the vibration control and that Blocks 2 and 3 are the objects of the excitation. In the following description, each block, Block i ( 1, 2, 3 i = ), is modeled as a rigid body of mass i M , which includes the mass of the DC motor, and each pair of unbalanced masses, Weight i ( 1, 2 i = ), is treated as a point mass m located at a distance R from the rotation axis. The viscous damping forces are assumed to act on Block i from the guide rail, and the damping coefficient of Block i is denoted by i c . The undersides of Blocks 2 and 3, respectively, are supported by the piecewise linear spring (spring constants: 1 k and 2 k ) and the dashpot (damping coefficients: 1 c and 2 c ) in order to consider the influence of the impact behavior between the lower block and the rubber plate. The other symbols are denoted as shown in Fig. 1(b) .
Analytical model and equation of motion
The vertical displacement of Block i is denoted as i x and the positive directions of each variable are defined as shown in Fig. 1 . The angular displacement of Weight i , which rotates in the counterclockwise direction, is denoted as i θ . Using these variables, the equations of motion of the blocks and the weights are derived as follows: (i) Equation of motion of Block 1 
in which a J is the moment of inertia of the armature, p J is the moment of the inertia of disks to which the unbalance masses are attached, t K is the torque constant, E K is the voltage constant, a r is the armature resistance, i e is the voltage supplied to the DC motor, g is gravitational acceleration and (*) u is the step function．In addition, x is the position of static equilibrium of Block 1 when the springs 1 k are removed. The properties of the DC motors are identical, with the exception of i e .
Numerical computation method
In this report, the attempt is made to accurately obtain the steady periodic solutions (the synchronized solutions) of Eqs. (1) 
Rearrangement of Eqs. 
During the computation of the shooting method, it is also necessary to solve the equation of variation for Eq. (6). Setting the variation vector of y to η , the equation of variation is given by
The non-zero components of the matrix ( ) W y are as follows: sin sin
where 1, 2 i = and (*) δ is the delta function.
Calculation procedure for synchronized solutions
When the steady periodic solutions of Eq. (6) 13) can be calculated by numerically integrating Eqs. (6) and (10). However, since discontinuity terms with a delta function exist in the components of ( ) W y , as shown in Eq. (11), the values of η vary discontinuously at the moment when the collision or separation between the lower block and the piecewise linear support element occurs (hereinafter referred to as the discontinuity). These discontinuous variations of η at the discontinuity can be analytically calculated by integrating Eq. (10) in the infinitesimal interval around the discontinuity (4) .
First, when collision or separation occurs between Block 2 and the piecewise linear support element (i.e., 2= ξ ξ ) at moment t , integrating Eq. (10) from t t ε − = − to t + t = + ε (where ε is a short time) and then limiting the obtained equations as 0 → ε yields
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where the superscripts " − " and " + " indicate the state variables and the variations at t t − = and t t + = , respectively.
Following a similar calculation, the discontinuous variations of η at the discontinuity of Block 3 can be obtained as 
As described above, in the numerical integration of Eq. (10), the usual computation process can be applied in the continuous integral interval, but the discontinuous variations shown in Eqs. (14) and (15) must be added to the variation vector η at the discontinuity.
For this purpose, it is necessary to accurately obtain the time t and to calculate the state variables and variations just before t .
Validation of analytical model
First, in order to verify the validity of the analytical model described in § 2, the experimental results for self-synchronization are compared with the numerical computational results. Table 1 shows the system parameter values measured from the experimental apparatus. The properties of the DC motors (A-max22 from Maxon, rated output 3.5 W) were obtained from the catalog, and the mass of the block and the spring constant of the coil spring were determined from actual measurements. The viscous damping coefficients between the block and the guide rail and the piecewise linear characteristic values of the rubber plate were identified from the preliminary experimental results. In addition, as shown in Table 1 , six different blocks for altering the mass, 1 M , of Block 1 were provided in order to examine the influence of the system parameters on the occurrence regions of self-synchronization. In the experiment of the present study, the system was driven by supplying a range of voltages 1 2 ( ) e e e = = to both DC motors and the acceleration data of the vibrating blocks were measured by sensors. Next, based on the results of the frequency analysis, the motion was judged in order to determine whether synchronization had occurred. For the case in which synchronization had occurred, the motions of the blocks and the weights were measured using a motion capture system (Real Time Tracker Radish from Library). The graphic data were captured at 400 fps for three seconds using a high-speed camera (RM-6740CL from JAI). However, for the sake of safety, the maximum value of the voltages was set to 3.0 V.
On the other hand, in the analysis, the synchronized solutions (both the stable and unstable solutions) were computed by applying the shooting method with a varying voltage e , as in the experiments. The RKG method was used for numerical integration in the shooting method and the number of divisions per period was set to 2 048. In the successive approximation for calculating the time at which the discontinuity occurs and the synchronized solutions, the convergence criterion of the relative error was set to 10 -12 or less and double-precision variables were used. As shown by the calculated results (black lines), there are two closed branches of the synchronized solution, and two stable regions with self-synchronized patterns having different characteristics exist on each branch. According to the definition described in the next section, these stable regions are hereinafter denoted as SR 2 and SR 3 , respectively. In the experimental results, the occurrence of the self-synchronized vibration corresponding to the two types of stable solutions in SR 2 and SR 3 was also confirmed. As an example, Fig. 4 shows the time histories of the synchronized solution for 2.6 V = e in SR 2 , and Fig. 5 shows those for 2.6 V = e in SR 3 . Based on these results, although there are some differences in the phase difference between two blocks and that between the weight and the block, the calculated results are shown to agree well qualitatively with the experimental results with respect to the frequency and the amplitude of each block.
As shown in Figs. 2 and 3, stable regions are extensive for various values of e in the calculated results. In contrast, in the experimental results, while the self-synchronized vibrations were generated in the range until 3.0 V (upper limit value), self-synchronized vibrations were not observed at lower voltages. These differences are most likely due to the discrepancy of the system parameters between the experimental apparatus and the analytical model. Although the components of the experimental apparatus such as the oscillators have certain individual differences in their properties, these differences were not taken into account accurately for setting the system parameters of the analytical model. Furthermore, experimental error is easily observed in the voltages and the piecewise linear characteristics, which are difficult to identify experimentally. The larger individual differences in the errors of the properties cause difficulty in generating the self-synchronized vibration. As an example, the synchronized solutions in which the voltages were set to 1 0. . This is due to the fact that low voltages should decrease the amplitude of the blocks and, hence, reduce the amount of energy transferred between the oscillators needed for generating the self-synchronization.
As indicated by these results, the experimentally determined properties qualitatively agree well with the calculated properties, with the exception of a difference in the region where self-synchronization occurs. This demonstrates the validity of the analytical model.
Numerical examination
In this section, the possibility of applying the elementary model to the vibration mechanism for a tamping rammer is confirmed by examining analytically the characteristics of the self-synchronization phenomena generated in the elementary model. Table 2 shows the system parameter values used in the numerical computation. The parameters for the right and left lower blocks and the two oscillators, with the exception of the voltages 1 e and 2 e , were set to the same values for simplicity. The voltages 1 e and 2 e were given separately in order to examine the influence of the difference between the oscillators on the existence region of the synchronized solutions. The properties of the DC motors were the same as in Table 1 . In addition, we set the piecewise linear characteristic values so that all types of synchronized solution can be obtained. The synchronized solutions were calculated in the same manner as in § 3. Figure 6 shows the calculated results of the synchronized solutions including the unstable solutions for supplying a constant voltage (1. As indicated by the calculated results, there are four stable regions on the three closed These stable solutions are distinguished by the following characteristics. In SR 1 , the phase difference among the blocks and the weight is less than 90 deg (referred to hereinafter as the in-phase mode), and the amplitude of Block 1 is large compared to those of Blocks 2 and 3, which are the objects of excitation. Hence, the synchronized pattern in SR 1 is inappropriate for the intended vibration pattern. Next, in SR 2 , the amplitude of Block 1 is smaller than those in SR 1 and SR 3 , and becomes a local minimum at 1 2 e e ≈ . Furthermore, the phase difference between Blocks 2 and 3 is greater than 90 deg (referred to hereinafter as the out-of-phase mode), and the amplitudes are large compared with the amplitude of Block 1. Hence, the synchronized pattern in SR 2 is suitable for use with the intended vibration pattern. Next, in SR 3 , the phase difference between Blocks 2 and 3 is the in-phase mode, and Block 1 vibrates with large amplitude. Hence, the synchronized pattern in SR 3 is inappropriate for the intended vibration pattern. Finally, in SR 4 , since the vibration pattern is similar to that in SR 2 , which means that Block 1 vibrates with a very small amplitude and the phase difference between Blocks 2 and 3 is the out-of-phase mode. The two, SR 2 and SR 4 , differ in the phase difference between the lower block and the weight. In addition, the existence region of SR 4 becomes very narrow compared with that of SR 2 , because the voltage differential causes difficulty in generating stable solutions in SR 4 . These results show that, among the four types of stable solution, the synchronized solution in SR 2 is best suited for achieving a good balance between vibration control and excitation. On the other hand, as shown in § 4, there are two types of stable solution corresponding to SR 2 and SR 3 in the results obtained using the experimental apparatus. Although the piecewise linear characteristic affects the time histories shown in Figs. 4 and 5, the synchronized solution in SR 2 is confirmed to be best suited to the objective of the present study.
Types of stable synchronized solution
Time [s] R sinθ 2 R sinθ 1 R sinθ i [m] x i [m] x 3 x 2 x 1 (a) 1 SR (b) 2 SR ( 1 2 1.25 V, 1.3 V = = e e )( 1 2Time [s] R sinθ 2 R sinθ 1 R sinθ i [m] x i [m] x 3 x 2 x 1 (c) 3 SR (d) 4 SR ( 1 2 2.5 V, 2.6 V = = e e )( 1 2
Influence of system parameters
As shown in Fig. 6 , there are four different types of stable solution in the impact model with two oscillators. However, SR 1 cannot exist for the case in which both supplied voltages are greater than 1.4 V, and SR 4 cannot exist for the case in which both supplied voltages are less than 2.9 V. This is due to the fact that the excess or deficiency of energy transferred between the oscillators makes the generation of self-synchronization difficult. In developing the applicative vibration mechanism, it is important to generate only the suitable self-synchronized vibration. Thus, appropriately adjusting the supplied voltages is an effective means of eliminating unnecessary stable regions, such as SR 1 and SR 4 .
In contrast, the stable region SR 3 , which exists in the same branch as SR 2 , cannot be eliminated in the manner described above. Therefore, the solution branches at which SR 2 and SR 3 (
ranging from 500 to 2 500 N/m in 100 N/m increments. As shown in Fig. 9 (a) , the existence region of SR 2 expands in the range around 1000 N/m = k . On the other hand, as shown in Fig. 9 (b) , the solution branches including SR 3 become complicated due to numerous Hopf bifurcation points, and SR 3 exists only in the range in which k is small. Figure 10 shows the synchronized solution branches obtained for x . As shown in Fig. 10 , the existence region of SR 2 appears over a larger range of k as compared to that for of SR 3 . Moreover, the synchronized solutions in SR 2 are able to achieve a good balance between the excitation of Blocks 2 and 3 and the vibration control of Block 1, regardless of the value of k . The results obtained for the other supplied voltages were confirmed to exhibit the same characteristics as the results shown in Fig. 10 .
Based on these results, expanding the existence region of the beneficial synchronized solutions and eradicating the existence region of the unnecessary synchronized solutions can be accomplished concurrently by setting the system parameters appropriately.
Finally, as is the above case, the influence of the system parameters on the existence regions of stable solutions are examined for the experimental apparatus described in § 4. In the experiment, the self-synchronized vibration for various values of supplied voltage e 1 2 ( ) e e = = were measured instead of k , because it is difficult to quantitatively change the piecewise linear characteristic values. The maximum value of the voltages was set to 3.0 V for the sake of safety. Figure 11 shows the experimental and calculated results obtained for six types of 1 M listed in Table 1 . The abscissa shows the voltage e , and the ordinate shows the mass 1 M . The ◎ symbols denote the experimental results, and the solid line denotes the stable regions obtained through the numerical calculations. Although the symbols for the bifurcation points are omitted in this figure, the ends of all stable regions correspond to saddle-node bifurcation points.
In the calculation results, as shown in Fig. 11(a) , the existence region of SR 2 exists in the range in which e is small, and smaller values of 1 M cause the range to expand. On the other hand, as shown in Fig. 11(b) , the existence region of SR 3 exists in the range in which e is large and then shifts toward larger e as the value of 1 M decreases. Although the experimental results differ somewhat with respect to existence regions from the calculated results, the experimental results exhibit characteristics similar to those of the calculation results. These results indicate that SR 2 and SR 3 exist in a distinct region. Thus, it was confirmed experimentally and analytically that only the existence region, SR 2 , of the beneficial synchronized solutions can be generated by setting the values of 1 M and e appropriately. 
Conclusions
The self-synchronization phenomena generated in an impact vibration system with two oscillators, which was developed as a vibration mechanism for a tamping rammer, were investigated experimentally and analytically. Calculation results confirmed that stable synchronized solutions which are able to achieve a good balance between vibration control and excitation exist in the solution branches. Suitable synchronous vibration could be generated in the experiment apparatus. It was also proven that the existence region of these synchronized solutions can be expanded by setting the system parameters appropriately, regardless of the stiffness of piecewise linear springs. Thus, if the present mechanism were applied to a tamping rammer, it is expected to be adaptable to changes in the stiffness of the ground.
